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Bismuth ferrite-based lead-free ceramics and multilayers with high
recoverable energy density
Abstract
Lead-free ceramics with high recoverable energy density (Wrec) and energy storage efficiency (η) are
attractive for advanced pulsed power capacitors to enable greater miniaturization and integration. In this work,
dense bismuth ferrite (BF)-based, lead-free 0.75(Bi1−xNdx)FeO3-0.25BaTiO3 (BNxF-BT) ceramics and
multilayers were fabricated. A transition from a mixed pseudocubic and R3c to a purely pseudocubic structure
was observed as x increased with the optimum properties obtained for mixed compositions. The highest
energy densities, W ∼ 4.1 J cm−3 and Wrec ∼ 1.82 J cm−3, were achieved for BN15F-BT, due to the enhanced
breakdown field strength (BDS ∼ 180 kV cm−1) and large maximum polarization (Pmax ∼ 40 μC cm−2). The
multilayers of this composition possessed both a high Wrec of 6.74 J cm−3 and η of 77% and were stable up to
125 °C. Nd doped BF-based ceramics with enhanced BDS and large Wrec are therefore considered promising
candidates for lead-free energy storage applications.
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%LVPXWKIHUULWHEDVHGOHDGIUHHFHUDPLFVDQGPXOWLOD\HUVZLWKKLJKUHFRYHUDEOHHQHUJ\GHQVLW\ 
Dawei Wanga*, Zhongming Fanb, Di Zhoua,c, Amir Khesroa,d, 6KXQVXNH0XUDNDPLa, Antonio Feteirae, 
Quanliang Zhaof, Xiaoli Tanb, Ian M Reaneya* 
D'HSDUWPHQWRI0DWHULDOV6FLHQFHDQG(QJLQHHULQJ8QLYHUVLW\RI6KHIILHOG6KHIILHOG6-'8. 
E'HSDUWPHQWRI0DWHULDOV6FLHQFHDQG(QJLQHHULQJ,RZD6WDWH8QLYHUVLW\$PHV,RZD86$ 
F(OHFWURQLF 0DWHULDOV 5HVHDUFK /DERUDWRU\ .H\ /DERUDWRU\ RI WKH 0LQLVWU\ RI (GXFDWLRQ 	
,QWHUQDWLRQDO&HQWHUIRU'LHOHFWULF5HVHDUFK;L¶DQ-LDRWRQJ8QLYHUVLW\;L¶DQ6KDDQ[L&KLQD 
G'HSDUWPHQWRI3K\VLFV$EGXO:DOL.KDQ8QLYHUVLW\*DUGHQ&DPSXV0DUGDQ3DNLVWDQ 
H&KULVWLDQ'RSSOHU/DERUDWRU\IRU$GYDQFHG)HUURLF2[LGHV6KHIILHOG+DOODP8QLYHUVLW\6KHIILHOG6
:%8. 
I6FKRRO RI 0HFKDQLFDO DQG 0DWHULDOV (QJLQHHULQJ 1RUWK &KLQD 8QLYHUVLW\ RI 7HFKQRORJ\ %HLMLQJ
&KLQD 
 
&RUUHVSRQGLQJDXWKRU(PDLODGGUHVVGDZHLZDQJ#VKHIILHOGDFXNLPUHDQH\#VKHIILHOGDFXN 
 
$EVWUDFW 
/HDGIUHHFHUDPLFVZLWKKLJKUHFRYHUDEOHHQHUJ\GHQVLW\:UHFDQGHQHUJ\VWRUDJHHIILFLHQF\ȘDUH
DWWUDFWLYHIRUDGYDQFHGSXOVHGSRZHUFDSDFLWRUVWRHQDEOHJUHDWHUPLQLDWXUL]DWLRQDQGLQWHJUDWLRQ,Q
WKLV ZRUN GHQVH ELVPXWK IHUULWH %)EDVHG OHDGIUHH %L[1G[)H2%D7L2 %1[)%7
FHUDPLFVDQGPXOWLOD\HUVZHUHIDEULFDWHG$WUDQVLWLRQIURPDPL[HGSVHXGRFXELFDQG5FWRDSXUHO\
SVHXGRFXELF VWUXFWXUH ZDV REVHUYHG DV [ LQFUHDVHG ZLWK RSWLPXP SURSHUWLHV REWDLQHG IRU PL[HG
FRPSRVLWLRQV+LJKHVWHQHUJ\GHQVLWLHV:a-FPDQG:UHFa-FPZHUHDFKLHYHGIRU%1)
%7GXHWRWKHHQKDQFHGEUHDNGRZQILHOGVWUHQJWK%'6aN9FPDQGODUJHPD[LPXPSRODUL]DWLRQ
3PD[aȝ&FP0XOWLOD\HUVRIWKLVFRPSRVLWLRQSRVVHVVHGERWKKLJK:UHFRI-FPDQGȘRI
DQGZHUHVWDEOHXS WR&1GGRSHG%)EDVHGFHUDPLFVZLWKHQKDQFHG%'6DQGODUJH:UHFDUH
WKHUHIRUHFRQVLGHUHGSURPLVLQJFDQGLGDWHVIRUOHDGIUHHHQHUJ\VWRUDJHDSSOLFDWLRQV 
 
.H\ZRUGV(QHUJ\VWRUDJH%LVPXWKIHUULWH/HDGIUHHFHUDPLFV'LHOHFWULFV 
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,QWURGXFWLRQ 
0DWHULDOVZLWKKLJKHUHQHUJ\DQGSRZHUGHQVLW\DUHXUJHQWO\QHHGHGWRPHHWWKHJURZLQJGHPDQGLQ
SRZHU VXSSO\ FRPSRQHQWV RI SRUWDEOH HOHFWURQLFV SRZHU HOHFWURQLFV HOHFWULFDO YHKLFOHV DQG RWKHU
HQHUJ\VWRUDJHGHYLFHV&RPSDUHGWRRWKHUHQHUJ\VWRUDJHGHYLFHVVXFKDVIXHOFHOOVEDWWHULHVDQG
HOHFWURFKHPLFDOFDSDFLWRUVGLHOHFWULFFDSDFLWRUVKDYHUHFHLYHGSDUWLFXODUDWWHQWLRQIRUDGYDQFHGSXOVHG
SRZHUEHFDXVHRIWKHLUKLJKSRZHUGHQVLW\DQGTXLFNFKDUJHGLVFKDUJHUDWH,QJHQHUDOWKUHHNLQGVRI
GLHOHFWULFPDWHULDOVDUHXVHGLQFDSDFLWRUVOLQHDUGLHOHFWULFVDQWLIHUURHOHFWULFV$)(DQGIHUURHOHFWULFV
)()RUOLQHDUGLHOHFWULFVHQHUJ\GHQVLW\:LVGHILQHGDV 
: ò'( òİUİ( 
ZKHUH'LVWKHHOHFWULFDOGLVSODFHPHQWİULVWKHGLHOHFWULFFRQVWDQWİLVWKHYDFXXPSHUPLWWLYLW\DQG(
LVWKHDSSOLHGHOHFWULFDOILHOG%RWKKLJKİUDQG(DUHUHTXLUHGWRDFKLHYHKLJK:IRUOLQHDUGLHOHFWULFV
)RU$)(DQG)(:UHFRYHUDEOHHQHUJ\GHQVLW\:UHFDQGHQHUJ\VWRUDJHHIILFLHQF\ȘDUHFDOFXODWHG
E\ 
: ׬ (G33PD[  
:UHF ׬ (G33PD[3U  
Ș :UHF: 
ZKHUH33PD[DQG3ULVWKHSRODUL]DWLRQPD[LPXPSRODUL]DWLRQDQGUHPQDQWSRODUL]DWLRQUHVSHFWLYHO\
7R DFKLHYH KLJK :UHF DQG Ș ODUJH 3PD[ VPDOO 3U DQG KLJK HOHFWULF EUHDNGRZQ VWUHQJWK %'6 DUH
VLPXOWDQHRXVO\UHTXLUHG 
&XUUHQWO\SRO\PHUVDQGFHUDPLFVGRPLQDWH WKHGLHOHFWULFPDWHULDOVXVHG LQ VROLGVWDWHFDSDFLWRUV
+RZHYHU SRO\PHUEDVHG GLHOHFWULFV ZLWK KLJK : UHVXOWLQJ IURP KLJK %'6 DUH XVXDOO\ OLPLWHG WR
&GXHWRWKHLUORZPHOWLQJWHPSHUDWXUHV'LHOHFWULFFHUDPLFVWKHUHIRUHRIIHUDYLDEOHRSWLRQ
WR GHYHORS KLJK YROWDJHFDSDEOH KLJK HQHUJ\ GHQVLW\ PHFKDQLFDOO\ DQG WKHUPDOO\ VWDEOH FDSDFLWRUV
ZKLFKRSHUDWHDWHOHYDWHGWHPSHUDWXUHV/HDGEDVHGGLHOHFWULFFHUDPLFVKDYHDOUHDG\SURYHQWRKDYH
SRWHQWLDO LQ WKHDSSOLFDWLRQRIHQHUJ\VWRUDJHFDSDFLWRUVZLWKKLJK:UHF -FP UHSRUWHG LQ/D
GRSHG 3E=U7L2EDVHG$)( FHUDPLFV IDEULFDWHG E\ VSDUN SODVPD VLQWHULQJ 636 +RZHYHU
HQYLURQPHQWDO LVVXHV KHDOWK FRQFHUQV DQG UHJXODWLRQV DJDLQVW KD]DUGRXV VXEVWDQFHV LQ HOHFWULF DQG
3 
 
HOHFWURQLFHTXLSPHQWKDYHVWLPXODWHGUHVHDUFKLQOHDGIUHHPDWHULDOVIRUHQHUJ\VWRUDJH 
/HDGIUHHHQHUJ\VWRUDJHFHUDPLFVVXFKDV%D7L2%7%L1D7L2%17DQG.1D1E2
.11EDVHGFHUDPLFVKDYHEHHQH[WHQVLYHO\LQYHVWLJDWHG,QLWLDOO\R[LGHDGGLWLYHVVXFKDV$O2
6L20J2ZHUHUHSRUWHGWRHQKDQFHWKH%'6DQG:UHFLQ%7EDVHGFHUDPLFVEXWPRUHUHFHQWO\%7
%L01E2DQG%7%L07L20 0JDQG=QFHUDPLFVZHUHVWXGLHGLQZKLFK:UHFZDV
UHSRUWHG XS WR a -FP ,Q DGGLWLRQ %L1D7L2%D7L2.1E2  %17%7.1 DQG
%L1D7L2%D7L21D7D2%17%717FHUDPLFVZHUHDOVRUHSRUWHGWRDFKLHYHKLJK:UHFRI
DQG-FPUHVSHFWLYHO\5HFHQWO\'XHWDOREWDLQHGYHU\KLJK%'6aN9FPLQ.11
EDVHGFHUDPLFVE\FRQWUROOLQJJUDLQJURZWKKHQFH:UHFZDVHQKDQFHGWRa-FP%L)H2%D7L2
%)%7KDVEHHQVKRZQWRKDYHKLJK&XULHWHPSHUDWXUH7&DQGDODUJHSRODUL]DWLRQDWLWVVWUXFWXUDO
SKDVHERXQGDU\ 3PD[!ȝ&FP+RZHYHUGXH WR LWVKLJKGLHOHFWULF ORVVDQG3U WKHHQHUJ\
VWRUDJHSURSHUWLHVRI%)%7KDYHUDUHO\EHHQVWXGLHG5HFHQWO\:DQJDQG=KHQJHWDOLQWURGXFHG1E
%D0J1E2 DQG /D0J7L2 LQWR %)%7 DQG UHSRUWHG :UHF RI  DQG  -FP
UHVSHFWLYHO\ VXJJHVWLQJ WKDW %)%7 VROLG VROXWLRQV DUH SURPLVLQJ FDQGLGDWHV IRU HQHUJ\ VWRUDJH
PDWHULDOV DQG GHYLFHV 0RUH UHFHQWO\ ;X HW DO WKHRUHWLFDOO\ SUHGLFWHG WKDW 1GGRSHG %) EDVHG
FHUDPLFVFRXOGSRWHQWLDOO\DOORZKLJKHQHUJ\GHQVLWLHV -FPDQGHIILFLHQFLHV 
+RZHYHUWRRXUNQRZOHGJHWKHUHLVQRUHSRUWHGH[SHULPHQWDOZRUNRQWKHHIIHFWRI1GGRSLQJRQWKH
HQHUJ\VWRUDJHSURSHUWLHVRI%)EDVHGV\VWHPV7KHFRPSRVLWLRQGHSHQGHQFHRIVWUXFWXUDOGLHOHFWULF
IHUURHOHFWULFKLJKILHOGVWUDLQDQGHQHUJ\VWRUDJHRI1GGRSHG%)%7FHUDPLFVDQGPXOWLOD\HUV DUH
WKHUHIRUHLQYHVWLJDWHG0XOWLOD\HUVIDEULFDWHGZLWK3WLQWHUQDOHOHFWURGHV\LHOGHG:UHFRI-FPDQG
ȘRIZLWKWKHYDULDWLRQRI:UHFaIURPURRPWHPSHUDWXUH57WR& 
 
([SHULPHQWDOSURFHGXUH 
BF-BT ceramics with compositions of 0.75(Bi1-xNdx)FeO3 - 0.25BaTiO3 + 0.1wt% MnO2 (x = 0, 2.5%, 
5%, 7.5%, 10%, 15%, 20%, 30% and 40%, abbreviated as BF-BT, BN2.5F-BT, BN5F-BT, BN7.5F-
BT, BN10F-BT, BN15F-BT, BN20F-BT, BN30F-BT and BN40F-BT, respectively) were prepared 
using a conventional solid state reaction route. Multilayers were tapecasted with details of ceramic and 
multilayer fabrication reported elsewhere. Densities of sintered samples were measured using the 
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Archimedes method. The structure and phase assemblage of the sintered samples were studied using a 
Bruker D2 Phaser X-ray powder diffraction (XRD). FEI Inspect F scanning electron microscope (SEM) 
and Tecnai G2-F20 transmission electron microscopy (TEM) were employed to reveal the grain and 
domain structure, respectively.  For TEM, sintered pellets of BF-BT, BN5F-BT and BN10F-BT were 
mechanically ground and polished to 120 µm. Disks of 3 mm in diameter were ultrasonically cut and 
the center portion was thinned to 10 µm by mechanical dimpling. Disks were annealed at 550 °C, 400 °C 
and 300 °C for 0.5 hour to remove residual stresses followed by Ar-ion milling to the point of electron 
transparency. For electrical tests, sintered samples were electroded using fired-on silver paste, followed 
by poling in silicone oil at 100~120 °C with an applied electric field of ~ 60 kV/cm. The piezoelectric 
coefficient (d33) was measured using a Piezotest PM300 d33 meter. Polarization hysteresis, leakage 
current density and strain-electric field behaviour were determined using an aixACCT TF 2000 
ferroelectric tester at a frequency of 1 Hz from RT to 150 °C. The displacement data was synchronously 
captured by a laser interferometer. The temperature dependence of dielectric properties from RT to 
600 °C was carried out using an Agilent 4184A multi-frequency precision LCR meter. The discharge 
properties were measured using a specially designed, high-speed capacitor discharge circuit similar to 
that reported in the literature. The discharge current waveforms were obtained by an Tektronix DPO 
4104 oscilloscope connected with a Pearson 6585 coil. The discharge energy was measured using a load 
resistor (RL) in series with the ceramic samples. 
 
5HVXOWVDQGGLVFXVVLRQ 
7KH57;5'SDWWHUQVRI%1[)%7LQWKHșUDQJHRIaDUHVKRZQLQ)LJ$OOSHDNVZHUH
DWWULEXWHGWRHLWKHUDVLQJOHRUPL[HGSHURYVNLWHSKDVHV'LIIUDFWLRQSHDNVVKLIWHGWRDKLJKHUGLIIUDFWLRQ
DQJOHZLWKLQFUHDVLQJ1GFRQFHQWUDWLRQFRQVLVWHQWZLWKWKHVPDOOHUUHODWLYHLRQLFUDGLXVRI1GZLWK
UHVSHFWWR%LLRQVLQWKHPDWUL[6SOLWWLQJRIGLIIUDFWLRQSHDNDWaș LVFRPPRQO\
XVHG WR GHWHUPLQH WKH OLNHO\ V\PPHWU\ RI FRPSRVLWLRQV )URP WKH H[SDQGHG ;5' SDWWHUQV WKH
FRH[LVWHQFHRIWZRSHURYVNLWHSKDVHVLQWKH%)%7%1)%7DQG%1)%7LVDSSDUHQWDW57DV
LQGLFDWHGE\EURDGPXOWLSOHSHDNV:LWKLQFUHDVHLQ1GFRQFHQWUDWLRQDVLQJOHSVHXGRFXELF3&
SKDVHJUDGXDOO\GRPLQDWHV 
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7R IXUWKHU FRQILUP VWUXFWXUDO HYROXWLRQ 5LHWYHOG UHILQHPHQW RI DOO VWXGLHG FRPSRVLWLRQV ZDV
SHUIRUPHGXVLQJWKH*6$6(;3*8,SDFNDJHLQZKLFKDWZRSKDVHUHILQHPHQW5F3PതPZDV
XVHG *RRG DJUHHPHQW EHWZHHQ WKH REVHUYHG DQG FDOFXODWHG SDWWHUQV ZDV REWDLQHG IRU DOO WKH
FRPSRVLWLRQVDVVKRZQLQ7DEOH,DQG)LJLQZKLFKWKHUHILQHPHQWVRI%)%7DQG%1)%7ZHUH
VHOHFWHGIRUFRPSDULVRQ)LJDE$V1GFRQFHQWUDWLRQLQFUHDVHGWKHIUDFWLRQRI5FSKDVHLQ%1)
%7GHFUHDVHGIURPIRU%)%7WRIRU%1)%7DQG WRIRUKLJKHU1GFRQFHQWUDWLRQ
7DEOH,LQGLFDWLQJWKHFRH[LVWHQFHRI5DQG3&SKDVHVZLWK[DQGDVLQJOH3&SKDVHZLWK[!
7KHXQLWFHOOYROXPHRIERWK5DQG3&SKDVHVGHFUHDVHGZLWKLQFUHDVLQJ1GFRQFHQWUDWLRQ)LJ
FFRQVLVWHQWZLWKDVKLIWRI;5'GLIIUDFWLRQSHDNVWRLQFUHDVLQJT)LJ7KHUHLVDQDEUXSWFKDQJH
LQ WKH ODWWLFHSDUDPHWHUVRI5FSKDVH IRU%1)%7 )LJG:KLOVW WKLVGRHVQRW LQGLFDWHFODVVLF
PRUSKRWURSLFSKDVHERXQGDU\EHKDYLRXUZKLFKLVEHWZHHQWZRSRODUSKDVHVRIGLIIHUHQWV\PPHWU\LW
LPSOLHVDVKDUSUDWKHUWKDQJUDGXDOORVVRIORQJUDQJHSRODURUGHUDV1GFRQFHQWUDWLRQLQFUHDVHV 
7(0 LPDJHV DQG VHOHFWHG DUHD HOHFWURQ GLIIUDFWLRQ SDWWHUQV 6$'3 RI %)%7 %1)%7 DQG
%1)%7REWDLQHGZLWKWKHHOHFWURQSDUDOOHOZLWKD!D[LVDUHVKRZQLQ)LJDQG)LJ,Q%)
%7WKHGRPDLQVWUXFWXUHLVFRPSOH[ZLWKFRDUVHKHUULQJERQHVW\SHGRPDLQVVHSDUDWHGE\GRPDLQ
ZDOOVRQ^ `SODQHVILQHKHUULQJERQHVW\SHGRPDLQVVHSDUDWHGE\GRPDLQZDOOVRQ^ `SODQHV
DQGFRPSOH[VXEPLFURQVL]HGGRPDLQV$QH[DPSOHRIWKHILQHKHUULQJERQHPDFURGRPDLQVWUXFWXUH
LVJLYHQLQ)LJ,Q%1)%7RIJUDLQVFRQWDLQRQO\QDQRVL]HGGRPDLQVZLWKWKHUHVWFRQVLVWLQJ
RI QDQRVL]HG DQG FRPSOH[ PLFURGRPDLQV )LJ  FRQILUPLQJ LWV GRPLQDQWSVHXGRFXELF QDWXUH ,Q
FRQWUDVW DOO JUDLQV REVHUYHG LQ %1)%7 DSSHDUHG GRPDLQIUHH )LJ  ,Q %)%7 ò^RRR`
VXSHUODWWLFHGLIIUDFWLRQVSRWV)LJDUHREVHUYHGZKLFKDULVHIURPURWDWLRQVRIWKHR[\JHQRFWDKHGUD
LQDQWLSKDVHFRQVLVWHQWZLWK5FV\PPHWU\ZLWKDQDDDWLOWV\VWHPDQGZLWK5LHWYHOGUHILQHPHQWV
)LJDQGDQG7DEOH,$OWKRXJKWKHò^RRR`VXSHUODWWLFHUHIOHFWLRQVLQ%1)%7DUHZHDNHUWKDQ
WKRVHLQ%)%7)LJWKH\DUHVWLOOGLVFUHWH)LJZKLFKLQGLFDWHVVKRUWHUFRUUHODWLRQOHQJWKDQGRU
OHVVHUPDJQLWXGHRIR[\JHQRFWDKHGUDOURWDWLRQLQQDQRVL]HGUHJLRQVLQ%1)%7ZLWKUHVSHFWWRWKH
PLFURQVXEPLFURQVL]HG GRPDLQV LQ %)%7 'HVSLWH WKH DEVHQFH RI DQ DSSDUHQW GRPDLQ VWUXFWXUH
ò^RRR` W\SH VXSHUODWWLFH UHIOHFWLRQV DUH VWLOO REVHUYHG LQ 6$'3V )LJ  DOEHLW ZHDN DQG GLIIXVH
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W\SLFDORIVKRUWUDQJHRUGHURFWDKHGUDOURWDWLRQV7KHLRQLFUDGLXVRI1GcLVVPDOOHUWKDQWKDWRI
%LcDQGFRQVHTXHQWO\WKHGULYLQJIRUFHIRURFWDKHGUDOWLOWLQJPDJQLWXGHRIRFWDKHGUDOURWDWLRQ
DFFRUGLQJWRWROHUDQFHIDFWRUDUJXPHQWVVKRXOGLQFUHDVHDQGQRWGHFUHDVH7KHGHFUHDVHLQLQWHQVLW\RI
WKH ò^RRR` VXSHUVWUXFWXUH UHIOHFWLRQ PD\ WKHUHIRUH RQO\ EH H[SODLQHG E\ IUXVWUDWLRQ EHWZHHQ WKH
FRPSHWLQJ ORFDO VWUXFWXUHV ,Q%L)H2 WKHSRODUGLVWRUWLRQ LV VWURQJO\FRXSOHG WR WKHFRPPHQVXUDWH
URWDWLRQRIWKHRFWDKHGUDOFDJHDURXQGWKH>@D[LV$VWKHVFDOHOHQJWKRISRODUFRXSOLQJGHFUHDVHV
DV1GFRQFHQWUDWLRQLQFUHDVHVVRGRHVWKHVFDOHOHQJWKRIWKHRFWDKHGUDOURWDWLRQV3UHVXPDEO\LIWKH
1GFRQFHQWUDWLRQLQFUHDVHVVLJQLILFDQWO\IXUWKHUORQJUDQJHRFWDKHGUDOWLOWLQJZLOOUHHPHUJHEXWPRVW
OLNHO\ZLWKDGLIIHUHQWWLOWFRQILJXUDWLRQVLPLODURUUHODWHGWRWKDWRIWKHRUWKRIHUULWHVDDF 
The SEM images of BNxF-BT are shown in Fig. 5. All ceramics appear dense and pore-free, 
presenting a grain size distribution, in which small grains are interspaced with large grains. Based on 
the SEM images, the grain size distributions of BNxF-BT are given in the insets of Fig. 5, and the 
average grain size and relative density (ȡr) of BNxF-BT as a function of Nd concentration is shown in 
Fig. 6. As Nd concentration increases, the grain size of BNxF-BT increases IURPȝPIRU%)-BT to 
 ȝP IRU %1)-BT and then decreases WR  ȝP IRU %1)-BT, suggesting that high 
concentrations of Nd inhibit grain growth, possibly due the more refractory nature of Nd2O3.At the 
same time, ȡr improves from 95% for BF-BT to 97.6% for BN20F-BT but then remains constant with 
increasing Nd concentration. Small grain size and high density in bulk ceramics are believed to lead to 
high BDS which in turn enhances energy density. 
The temperature dependence of dielectric permittivity (İr) and loss (WDQį) for BNxF-BT at 100 kHz 
is given in Fig. 7, with the corresponding TC / maximum transition temperature (Tm) as a function of Nd 
concentration given in the inset of Fig. 7(b). With increasing Nd concentration, TC/Tm decreases 
presumably due to the disruption of polar coupling by the substitution of the less polarisable Nd for 
Bi. The decrease in polar coupling is also manifested in the appearance of broad frequency-
dependent dielectric peaks, in agreement with the nano-sized domains in TEM images (Fig. 3). Despite 
these changes, the values of WDQį remain < 0.15 at < 300 °C, but then increase sharply (Fig. 7b), 
indicating an increase in dc conductivity at high temperature.  
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The high electric field bipolar polarization hysteresis (P-E) and unipolar strain (S-E) loops of BNxF-
BT samples are shown in Fig. 8(a,b) (the strain of BNxF-BT with x > 15% was too low to be detected), 
from which Pr, coercive field (EC) and average electric field induced maximum strain (Smax) as a function 
of Nd concentration are obtained. The effective high field piezoelectric strain coefficient (d33*) and 
hysteresis (SH) are calculated by  
d33* = Smax/Emax,                                                                                                                             (5)     
   SH = HEmax/2/Smax,                                                                                                                           (6)     
respectively, where Emax is the maximum electric field value, HEmax/2 is the width of the loop at half 
applied field. Samples of BF-BT and BN2.5F-BT give saturated hysteresis loops (Fig. 8a) at 70 kV/cm, 
indicating high resistivity. As Nd concentration increased, the P-E loops became slimmer and 
unsaturated (Fig. 8a), with Pr, EC and d33 continuously decreasing (Fig. 8c), indicative of relaxor-like 
behaviour, consistent with the broad permittivity maximum (Fig. 7a) and domain evolution (Fig. 3). 
The highest value of Pr aȝ&FP2, EC ~ 53.9 kV/cm, d33 ~ 140 pC/N and lowest value of HS ~ 18.4% 
is achieved for the 2.5%Nd doped BF-BT (Fig. 8c,d), due to the presence of mixed R3c and PC phases 
(Fig. 1 and 2). At the same time, the highest value of Smax ~ 0.14%, d33*  ~ 200 pm/V and HS ~ 50% 
was obtained for BN5F-BT, Fig. 8(c, d), mainly attributed to the crossover from normal to relaxor 
ferroelectric behaviour (Fig. 3 and 7). 
Due to their slim P-E loops with low hysteresis loss (Fig. 7a), BNxF-BT with x > 10% were selected 
and polished to ~ 0.3 mm for further studies on their potential for energy storage. Unipolar P-E loops 
under different electric fields for BNxF-BT (x > 10%) are shown in Fig. 9 with the corresponding values 
of Pmax, Pr and 'P (Pmax - Pr) as a function of electric field given in Fig. 10. As electric field increases, 
Pmax and 'P increase linearly with a slight increase of Pr for all studied compositions (Fig. 10). However, 
Pmax, Pr and 'P decrease at 170 kV/cm with increasing Nd concentration (in the inset of Fig. 10d), 
further confirming that Nd doping reduces polarization in BF-BT ceramics (Fig. 8a). The highest values 
of Pmax and 'P are ȝ&FP2 and 30.7, 20.4, 10.7, ȝ&FP2 for BN15F-BT, BN20F-
BT, BN30F-BT and BN40F-BT, respectively. 
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The energy storage properties W, Wrec and Ș are calculated from equations 2-4, given in Fig. 11. With 
increasing electric field, the values of W and Wrec increase for all studied compositions (Fig. 11a,b), the 
highest values of which are 4.1, 2.43, 1.16, 0.75 J/cm3 and 1.82, 1.53, 0.87, 0.66 J/cm3, respectively. At 
the same time, the values of Ș slightly decrease for BN15F-BT, BN30F-BT and BN40F-BT but increase 
for BN20F-BT (Fig. 11c). As Nd concentration increases, W and Wrec decrease significantly at an 
electric field of 170 kV/cm, with the values of Ș reaching a maximum of 87.8% for BN40F-BT (Fig. 
11d).  
A comparison of energy-storage properties among several lead-free FE and mutiferroic ceramics is 
given in Table II. BN15F-BT has the highest values of Pmax aȝ&FP2, W ~ 4.1 J/cm3 and Wrec ~ 
1.82 J/cm3 among all displayed lead-free ferroelectric ceramics with an electric field < 250 kV/cm. 
BN20F-BT has high values of W ~ 2.43 J/cm3 and Wrec ~ 1.53 J/cm3 with a medium value of Ș ~ 63%, 
whilst the values of W and Wrec for BN30F-BT and BN40F-BT are low but with much higher values of 
Ș (> 75%). According to equations 2 and 3, the large values of W ~ 4.1 J/cm3 and Wrec ~ 1.82 J/cm3 for 
BN15F-BT may be attributed to the higher BDS (180 kV/cm), Pmax ȝ&FP2) and 'P ȝ&FP2), 
as discussed in Fig. 10. The BDS of bulk ceramics is related to microstructural features, such as grain 
size, density (porosity), grain boundary and secondary phase. Tunkasiri et al. confirmed the relationship 
between BDS and grain size (G) of ceramics (equ. 7): 
  %'6ן  ? * .                                                                                                                                (7)                                       
Gerson et al. and Wu et al. reported that the BDS of dielectric ceramics would reduce greatly with an 
increase in porosity and defects. In this work, significant reduction of grain size and porosity is 
achieved by doping with Nd (Figs. 5 and 6), leading to a large BDS of ~ 180 kV/cm for BN15F-BT and 
~ 190 kV/cm for BN20F-BT, BN30F-BT and BN40F-BT, respectively; the highest values of BDS in 
all reported BF-based bulk ceramics to our knowledge. Furthermore, BF-based solid solutions 
possess intrinsically large Pmax which increases for relaxor ferroelectrics with increase in electric 
field. Consequently, the improvement in W and Wrec for BNxF-BT is attributed to both the large 
BDS and high Pmax induced by Nd doping. 
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Owing to its promising energy storage properties in bulk samples, BN15F-BT was co-fired with Pt 
internal electrodes at 1010-1040°C for 2hrs to form multilayers consisting of 9 active layers, as shown 
in the inset of Fig. 12(a). The total thickness of multilayers is ~ 0.78 mm, the thickness of each sintered 
OD\HU LVaȝPDQG WKHDFWLYH DUHDRI HDFKHOHFWURGH LVaPP2. The unipolar P-E loops under 
different electric fields at RT and the in-situ temperature dependence of unipolar P-E loops at an electric 
field of 300 kV/cm per layer are shown in Fig. 12(a, b), respectively. The corresponding values of Pmax, 
Pr and 'P as a function of electrical field and temperature are given in Fig. 13. The energy storage 
properties W, Wrec and Ș are also calculated and plotted in Fig. 12(c,d). With increase in electric field, 
the shape of P-E loops becomes slimmer, and the values of Pmax and 'P increased significantly with a 
slight increase in Pr (Fig. 13a), resulting in enhanced values of W, Wrec and Ș(Fig. 12c). The highest 
values of W ~ 8.75 J/cm3, Wrec ~ 6.74 J/cm3 and Ș~ 77% for multilayers were obtained with an electric 
field of 540 kV/cm, which is one of the highest reported energy densities for ceramic capacitors. As 
temperature increased, P-E loops became saturated at ~150 °C, leading to an increase of Pmax and Pr 
(Fig. 13b), which was attributed to an easier field induced transition from a relaxor to a ferroelectric 
state. The value of W consistently increased with temperature, while Wrec and Ș increased initially 
before decreasing after reaching maxima of 3.84 J/cm3 and 76% at 100 °C, Fig. 12(d). The variation in 
Wrec is ~ 15% in a temperature range between RT and 125 °C, which is attractive for commercial 
applications.  
The in-situ temperature dependence of leakage current density (J) of multilayers as a function 
of applied field is shown in Fig. 14. The value of J at RT is found to be on the order of 10-7 
A/cm2 in the high field region, which is at least one order smaller than that reported BF-based 
ceramics. With the increase of temperature from RT to 150 °C, the value of J consistently 
increases, indicating increased conductivity at high temperatures.  
The discharge behaviour of multilayers under different electric voltages is given in Fig. 15. 
The value of current is found to increase with the increase of voltage from 300 V to 900 V and 
DOOWKHGLVFKDUJHSURFHVVHVODVWDERXWȝVDVVKRZQLQ)LJD7KHGLVFKDUJHWLPH Ĳ0.9 is 
defined as the time for the discharge energy in the load to achieve 90% of the final value from 
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the discharge profiles, which could be obtained from the curves of discharge energy density as 
a function of discharge time (Fig. 15b). The Ĳ0.9 of multilayers under different voltages is less 
WKDQȝVLQGLFDWLQJWKDWRIWKHGLVFKDUJHHQHUJ\GHQVLW\LVUHOHDVHGZLWKWKLVtime period. 
 
    A comparison of Wrec and Șamong lead-based and lead-free ceramics/capacitors is summarized and 
plotted in Fig. 16. Wrec generally increases with electric field (Fig. 16a), while Ș decreases with larger 
values of Wrec (Fig. 16b). Lead-based ceramics still have higher values of Wrec compared to the lead-
free ceramics (Fig. 16a) but the multilayers fabricated in this contribution possess the largest value of 
Wrec ~ 6.74 J/cm3 with high Ș ~ 77% amongst lead-based and lead-free compositions at < 600 kV/cm 
(Fig. 16).  
 
&RQFOXVLRQ 
,Q WKLV ZRUN GHQVH 1G GRSHG %)%7 OHDGIUHH FHUDPLFV ZLWK ȡU   ZHUH SUHSDUHG XVLQJ D
FRQYHQWLRQDOVROLGVWDWHURXWH$V1GFRQFHQWUDWLRQLQFUHDVHGWKH%)%7JUDGXDOO\WUDQVIRUPHGIURP
DWZRSKDVHPL[RI5FDQG3&SKDVHVWRDVLQJOH3&SKDVHDFFRPSDQLHGE\DGHFUHDVHRI7&7PDQG
IHUURHOHFWULFSLH]RHOHFWULFVWUDLQ SURSHUWLHV 7KH GRPDLQ VWUXFWXUH JUDGXDOO\ DOWHUHG LQ D PDQQHU
FRQVLVWHQWZLWKWKHFKDQJHLQVWUXFWXUHDQGSKDVHDVVHPEODJHIURPFRDUVHKHUULQJERQHVW\SHGRPDLQV
ILQHKHUULQJERQHVW\SHGRPDLQVDQGFRPSOH[GRPDLQVWRQDQRVL]HGGRPDLQVDQGILQDOO\WRQRPLQDOO\
GRPDLQ IUHH VWDWH7KLV ZDV DFFRPSDQLHG E\ D UHGXFWLRQ LQ WKH LQWHQVLW\ RI ò^RRR` VXSHUVWUXFWXUH
UHIOHFWLRQVDVVRFLDWHGZLWKRFWDKHGUDOWLOWLQJGHVSLWHDGHFUHDVHLQWKHDYHUDJHWROHUDQFHIDFWRUDV1G
FRQFHQWUDWLRQ LQFUHDVHG7KLV XQXVXDO HIIHFW LV DWWULEXWHG WR IUXVWUDWLRQ RI ORQJ UDQJH WLOWLQJ GXH WR
FRPSHWLQJORFDOGLVWRUWLRQVSKDVHVZLWKLQWKHVROLGVROXWLRQ7KHKLJKHVWYDOXHVRIGaS&13U
aȝ&FP(&aN9FP6PD[aDQGG SP9ZHUHREWDLQHGIRUWKHFRPSRVLWLRQV
ZLWK1GFRQFHQWUDWLRQ)XUWKHUPRUHWKHDYHUDJHJUDLQVL]HRI%1)%7ZDVUHGXFHGIURP
ȝPIRU%)%7WRȝPIRU%1)%7ZLWKDQLQFUHDVHRIȡU IURPIRU%)%7WRIRU
%1)%7OHDGLQJWRKLJK%'6N9FPIRU%1)%7DQGN9FPIRU%1)%7%1)
%7%1)%7DQGODUJH3PD['3ȝ&FPDQGȝ&FPIRU
%1)%7%1)%7%1)%7DQG%1)%7UHVSHFWLYHO\$VHOHFWULFILHOGLQFUHDVHG:DQG
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:UHF LQFUHDVHG IRU DOO VWXGLHG FRPSRVLWLRQV ZLWK Ș FKDQJLQJ RQO\ VOLJKWO\ $V 1G FRQFHQWUDWLRQ
LQFUHDVHG:DQG:UHFGHFUHDVHGVLJQLILFDQWO\ZLWKȘLQFUHDVLQJJUHDWO\7KHODUJHVWYDOXHVRI:a
-FPDQG:UHFa-FPZHUHDFKLHYHGIRU%1)%7ZKLOHWKHPD[LPXPȘRIZDVREWDLQHG
IRU%1)%7%1)%7PXOWLOD\HUVFRQVLVWLQJRIDFWLYHOD\HUVZHUHIDEULFDWHG7KHKLJKHVWYDOXHV
RI:a-FP:UHFa-FPDQGȘaZHUHREWDLQHGDWDQHOHFWULFILHOGRIN9FPZLWK
D YDULDWLRQ RI a  IRU WKH YDOXH RI :UHF IURP 57 WR  & YDOXHV DWWUDFWLYH IRU FRPPHUFLDO
DSSOLFDWLRQV 
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Table I. Refined structural parameters of BNxF-BT ceramics  
Composition Space 
group 
Lattice parameters (Å) Volume (Å3)  Phase 
fraction (%) 
R factors (%) 
x a b c Rwp Rp Ȥ2 
0 R3c 5.6328 5.6328 13.8800   381.389 65.2R 9.6 7.3 1.8 
 Pmതm 4.0015 4.0015 4.0015 64.073 34.8C    
2.5 R3c 5.6241 5.6241 13.8798 380.209 37.8R 9.9 7.5 3.7 
 Pmതm 3.9880 3.9880 3.9880 63.425 62.2C    
5 R3c 5.6444 5.6444 13.7664 379.821 27.9R 8.7 6.9 1.8 
 Pmതm 3.9812 3.9812 3.9812 63.100 72.1C    
7.5 Pmതm 3.9816 3.9816 3.9816 63.121  10.3 8.2 2.0 
10 Pmതm 3.9793 3.9793 3.9793 63.012  8.6 6.6 1.8 
15 Pmതm 3.9736 3.9736 3.9736 62.739  8.8 6.9 1.7 
20 Pmതm 3.9698 3.9698 3.9698 62.563  9.9 7.4 1.5 
30 Pmതm 3.9602 3.9602 3.9602 62.107  10 7.5 1.6 
40 Pmതm 3.9531 3.9531 3.9531 61.777  10.9 7.9 1.8 
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Table II. Comparison of polarization and energy storage properties among lead-free and multiferroic 
ceramics. 
Compounds E (kV/cm) Pmax ȝ&FP2) 'Pr ȝ&FP2) W (J/cm3) Wrec (J/cm3) Ș (%) Ref 
BF-BT-Nb 90 25 19.7 / 0.71 / 36 
BF-BT-BMN 125 38 32.3 2.08 1.56 75 37 
BF-BT-LMT 130 37.5 33.3 2.02 1.66 82 38 
BT-BMN 210 21 16.3 1.92 1.7 88.5 23 
BT-BY 93 ~17 ~16 0.86 0.71 82.6 26 
BST 230 ~12 ~11 1.3 1.13 86.8 56 
BNT-BT-KN 168 ~40 ~30 / 1.72 / 28 
BNT-BT-NT 100 ~33 ~29 1.6 1.2 74.8 29 
KNNS-BNH 129 23.47 18.61 / 0.54 / 63 
KNN-BMN 300 ~41.7 ~33.7 6.5 4.08 62.8 30 
KNN-ST 400 33.3 ~16 7.76 4.03 52 31 
BN15F-BT 170 39.8 30.7 4.1 1.82 41.3 this work 
BN20F-BT 180 23.5 20.4 2.43 1.53 63 this work 
BN30F-BT 180 11.6 10.7 1.16 0.87 75.3 this work 
BN40F-BT 180 7.8 7.6 0.75 0.66 87.8 this work 
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Fig. 1. Room temperature XRD patterns of BNxF-BT in the 2ș range of 20°~70°. 
 
Fig. 2. Rietveld refinement analysis of (a) BF-BT and (c) BN10F-BT using the GSAS+EXPGUI 
package; (c) unit cell volume and (d) lattice parameters of BNxF-BT as a function of Nd concentration. 
Note. Error bars are smaller than the symbols. 
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Fig. 3. Transmission electron microscopy images of the domain structure in BF-BT, BN5F-BT and 
BN10F-BT. 
 
 
Fig. 4. <110> zone axis diffraction patterns illustrating the decrease in intensity of ½{ooo} antiphase 
tilt reflection as a function of increasing Nd concentration. 
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Fig. 5. Scanning electron microscopy images of BNxF-BT: (a) BF-BT, (b) BN2.5F-BT, (c) BN5F-BT, 
(d) BN7.5F-BT, (e) BN10-BT, (f) BN15F-BT, (g) BN20F-BT, (h) BN30F-BT and (i) BN40F-BT; The 
grain size distributions of BNxF-BT are in the inset in each image. 
 
Fig. 6.  Average grain size and relative density of BNxF-BT as a function of Nd concentration.  
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Fig. 7. Temperature dependence of (a) İr and (b) tanį for BNxF-BT; TC/Tm as a function of Nd 
concentration is in the inset of (b). Note. Error bars are smaller than the symbols. 
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Fig. 8. High electric field (a) bipolar polarization hysteresis loops and (b) unipolar strain loops for 
BNxF-BT; (c) corresponding Pr and EC as a function of Nd concentration; (d) corresponding d33* 
and SH as a function of Nd concentration; d33 as a function of Nd concentration is in the inset of (c).  
 
Fig. 9. Unipolar P-E loops under different electric fields for (a) BN15F-BT, (b) BN20F-BT, (c) BN30F-
BT and (d) BN40F-BT.  
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Fig. 10. Pmax, Pr and 'P as a function of electrical field for (a) BN15F-BT, (b) BN20F-BT, (c) BN30F-
BT and (d) BN40F-BT; Pmax, Pr and 'P as a function of Nd concentration at 170 kV/cm is in the inset 
of (d).  
 
Fig. 11. (a) W, (b) Wrec and (c) Ș of BN15F-BT, BN20F-BT, BN30F-BT and BN40F-BT as a function 
of electrical field; (e) W, Wrec and Șas a function of Nd concentration at 170 kV/cm.  
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Fig. 12. (a) Unipolar P-E loops of multilayers under different electric fields at RT, (b) in-situ 
temperature dependence of unipolar P-E loops of multilayers at an electric field of 300 kV/cm, (c) W, 
Wrec and Șof multilayers as a function of electric field at RT, and (d) W, Wrec and Șof multilayers as a 
function of temperature at 300 kV/cm; SEM image of multilayers is in the inset of (a).  
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Fig. 13. Pmax, Pr and 'P of multilayers (a) as a function of electrical field at RT and (b) as a function of 
temperature at 300 kV/cm.  
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Fig. 14. The in-situ temperature dependence of leakage current density (J) of multilayers as a function 
of applied field.  
 
Fig. 15. The discharging behaviour of multilayers under different electric voltages (a) time dependence 
of the pulsed discharge current and (b) time dependence of the discharge energy density. 
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Fig. 16. Comparison of energy-storage properties among lead-based and lead-free ceramics/capacitors.
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